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Stratospheric constituents are determined by continuity equations including photochemical pro-
duction and loss as well as the transport and diffusion terms and explicit time variation. Photochemical
models self-consistently solve these equations to determine species concentrations. Recent Nimbus 7
measurements give us a first chance to analyze diagnostically the global atmosphere for consistency. We
compute the diurnal average photochemical production and loss terms of ozone using monthly and
zonally averaged limb infrared monitor of the stratosphere (LIMS) O,, H,0, HNO,, NO,, and temper-
ature and stratospheric and mesospheric sounder (SAMS) CH, data. The loss rates of ozone by pure
oxygen species, by the nitrogen oxides, and by the hydrogen oxides are calculated along with the
production rate of ozone by oxygen photolysis. The other major loss rate for ozone, which is the loss rate
by the chlorine family, is calculated from a two-dimensional model including SAMS CH, measurements
and a total Cl_ of 3 ppbv at the stratopause, yielding a ClO profile in good agreement with balloon
measurements. All loss rates of ozone are therefore tied to experimental measurements. Ozone is thought
to be in photochemical equilibrium at low latitudes near 2 mbar; however, our calculations show the
diurnal average ozone loss to be about 40-60% higher than the production. Therefore photochemical
models using LIMS H,0, HNO,, NO,, and temperature and SAMS CH, will predict lower ozone
concentrations than those measured by LIMS. Uncertainties in this region are a factor of 1.7 with the
major contributions coming from the O, measurements, the calculated photolysis of O, to O(*D), and

the calculated photolysis for O,.

INTRODUCTION

The balance of ozone production and loss terms in the
upper stratosphere has been of concern to atmospheric scien-
tists for many years. It became clear in the mid-1960’s that the
Chapman mechanism was not sufficient to balance the pro-
duction of ozone due to the photolysis of molecular oxygen.
Hunt [1966] added the HO,, catalytic loss of ozone in a one-
dimensional calculation that included measurements of H,O
and O;. Crutzen [1970] noted that the NO, family also pro-
vides a catalytic loss for ozone and included this loss in a
one-dimensional calculation of the production and loss terms
of ozone using measurements of H,0, O;, and HNO,; as well
as some calculations of NO,. Four years later it was recog-
nized that the Cl, family also could have an effect on strato-
spheric ozone [Stolarski and Cicerone, 1974; Wofsy and McEI-
roy, 1974; Crutzen, 1974; Molina and Rowland, 1974]. In 1978,
two independent papers were published [Frederick et al.,
1978; Johnston and Podolske, 1978] using one-dimensional
models with atmospheric measurements which included all
four families [O,, HO,, NO,, and Cl_] that are now believed
to be responsible for ozone loss in the stratosphere. These
papers both concluded that in the upper stratosphere, where
ozone should be in photochemical equilibrium, the ozone loss
was higher than the ozone production.

Johnston and Whitten [1973] pioneered the use of instanta-
neous photochemical rates in order to calculate the pro-
duction and loss rates of ozone in a two-dimensional form.
Solomon et al. [1980] used this method with atmospheric
measurements of O, and NO, to calculate the loss of ozone
due to O, and NO, compared to the production of ozone.
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Recently, Crutzen and Schmailzl [1983] computed the two-
dimensional distributions of ozone production and loss from
all four families using available atmospheric measurements
including the stratospheric and mesospheric sounder (SAMS)
N,O and CH, data, but not including limb infrared monitor
of the stratosphere (LIMS) data. One of the conclusions of this
study was that the ozone loss was higher than the ozone
production in the upper stratosphere.

Building on these previous studies, we do a two-
dimensional calculation of the production and loss of ozone.
Ideally, one needs O,, O,, O, NO,, NO,, H, OH, HO,, ClIO,
temperature, and solar flux in order to calculate the loss and
production of ozone (see equations (1)(6) below). We have
available only two-dimensional distribution measurements of
0,, H,0, NO,, HNO,, CH,, N,0, and temperature, along
with solar flux at the top of the atmosphere; thus we must
make do with these measurements and use them to derive all
other species necessary for the ozone balance calculation. We
do a two-dimensional diurnal average calculation using in-
stantaneous rates which demonstrates most of the problems of
ozone balance in the stratosphere.

We include the chemistry of O,, HO,, NO,, and Cl, and use
monthly and zonally averaged Nimbus 7 limb infrared moni-
tor of the stratosphere (LIMS) O;, H,O, NO,, HNO,, and
temperature (an overview of LIMS data is given by Gille and
Russell [1984]), stratospheric and mesospheric sounder
(SAMS) CH, [Jones and Pyle, 1984] data, and solar flux at
the top of the atmosphere as described by Guthrie et al.
[19844] (which is taken from Mount and Rottman [1981], D.
F. Heath (private communication, 1981), and World Meteoro-
logical Organization [1982]). We compare 4 months (Novem-
ber, January, March, and May) of calculations of the loss of
ozone divided by the production of ozone. The individual
terms going into the production and loss of ozone calculations
are also compared for the month of March. The LIMS and
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TABLE 1. Reactions and Their Rates

Reaction
Number

Reaction

Rate Coefficient

(R1)

R2)

(R3)

(R4)

(RS)

(R6)

(R7)

(R8)

(R9)
(R10)
(R11)
(R12)
(R13)
(R14)
(R15)
(R16)
(R17)
(R18)
(R19)
(R20)
(R21)
(R22)
(R23)
(R24)
(R25)
(R26)
(R27)
(R28)
(R29)
(R30)
(R31)
(R32)
(R33)
(R34)
(R35)
(R36)
(R37)
(R38)
(R39)
(R40)
(R41)
(R42)
(R43)
(R44)
(R45)
(R46)
(R47)
(R48)
(R49)
(R50)
(R51)
(R52)
(R53)
(R54)
(R55)
(R56)
(R37)
(R58)
(R59)
(R60)
(R61)
(R62)
(R63)
(R64)
(R65)
(R66)
(R67)
(R68)
(R69)
(R70)
(R71)
(R72)

O, +hw—0+0

O, + bv—> 0, + O('Dy?

03 + hV—> 02 =+ o
NO+h—-N+O

NO, + v—>NO + O

NO, + v—NO + O,

NO, + v—NO, + O

N,O, + hv—NO, + NO,

H,0 + w—>OH +H

H,0, + hv—OH + OH

HNO, + hv— OH + NO,
HO,NO, + hv— HO, + NO,
HO,NO, + hv— OH + NO,
CO,+mhw—>CO+0

CH, + hv— CH,0 + OH + H®
CH,O0H + hv—>CH,0 + OH + H’
CH,O + hv—CHO + H

CH,O + v—CO + H,
0+0;,—40,+0,
0+0,+M>0,+M

Oo(‘D)+ 0,—- 0+ 0,

O('D)+ N;—» O + N,

O('D) + H,0—OH + OH

NO + 0,—NO, + O,

NO, +0—-NO + O,
N+NO-N,+0
N+0,-NO+0O

NO, + 0,—»NO, + 0,

NO, + NO— NO, + NO,

NO, + 0 NO, + O,
NO+0+M—-NO, + M

NO, +O0O+M—-NO; + M

NO, + NO, + M- N,0, + M
N,0, + M5 NO, + NO, + M
OH+0-H+0,

HO, + O»OH + 0,

OH + 0,—HO, + O,

HO, + 0,—-0OH + 0, + 0,
H+0,—O0H+0,

H,0, + O0—OH + HO,
H+0,+M—-HO,+ M

OH + HO,—H,0 + 0,

OH + OH—H,0 + O

H + HO,— OH + OH

H+ HO,—H,0 + 0O

OH + H,0,—H,0 + HO,

OH + OH + M5 H,0, + M
HO, + HO,—H,0, + O,

HO, + HO, + M—>H,0,+ 0, + M
O + HNO, - OH + NO,

NO + HO,— NO, + OH

OH + HNO,— H,0 + NO,

OH + HO,NO,— H,0 + O, + NO,
O + HO,NO,— OH + O, + NO,
OH + NO, + M- HNO, + M
HO, + NO, + M—HO,NO, + M
HO,NO, + M—HO, + NO, + M
H, + O('D)—> H + OH

H, + OH—H + H,0

CO +OH—-CO, +H

CH, + O('D)—» CH,0 + H,

CH, + O(*D)— CH,O + OH + OH®
CH, + OH— CH,0, + H,0°
CH,O + O— CHO + OH®

CH,O + OH— CHO + H,0
CH,O + HO,— CHO + H,0,
CHO + 0,— CO + HO,

CH,0, + NO— CH,0 + H + NO,?
CH,0, + HO,— CH,O0H + O,
CH,O0H + OH— CH,0, + H,0
CFCl, + hv— 3Cl + [ragment®
CF,Cl, + hv— 2Cl + fragment®

J; <242 nm

J, <310 nm

J3 < 1140 nm

J¢< 191 nm

Js < 400 nm

Jg < 700 nm

J, < 700 nm

Jg < 380 nm

Jg < 190 nm

J10 < 565 nm

J;1 < 546 nm

Jy2 <330 nm

J13 <330 om

J14 <210 nm

Jys < 145 nm

Jy6 <350 nm

Jy7 <330 nm

J1g < 360 nm

ko = 8.0(—12) exp (—2060/T)°
k,o see JPL 83-62

ky, = 3.2(—11) exp (67/T)

ky, = 1.8(—11) exp (107/T)
kyy =2.2(—-10)

kyo = 1.8(—12) exp (—1370/T)
kys =9.3(—12)

kis = 34(—11)

k7 = 4.4(—12) exp (—3220/T)
kyg = 1.2(—13) exp (—2450/T)
ki =2.0(—11)

ki = 1.0(—11)

k4, see JPL 83-62

ki, see JPL 83-62

k43 see JPL 83-62

ky, see JPL 83-62

kys =2.2(—11) exp (117/T)
kye = 3.0(—11) exp (200/T)
ky; = 1.6(—12) exp (—940/T)
kig = 1.4(—14) exp (—580/T)
k3o = 1.4—10) exp (—470/T)
koo = 1.4(—12) exp (—2000/T)
k4, see JPL 83-62

k4, see JPL 83-62

k43 = 4.2(—12) exp (—242/T)
kys = 64(—11)

kys =3.0(—12)

k4o = 3.1(—12) exp (—187/T)
k4 see JPL 83-62

kqg = 2.3(—13) exp (590/T)
k4o = 1.7(—33) exp (1000/T)
kso =3.0(—17)

ks, = 3.7(—12) exp (240/T)
ks, = 9.4(—15) exp (778/T)
kg3 = 1.3(—12) exp (380/T)
ksq = 7.0(—11) exp (—3370/T)
kss see JPL 83-62

kse see JPL 83-62

ks, see JPL 83-62

ksg = 1.0(—10)

kso = 6.1(—12) exp (—2030/T)
keo see JPL 83-62

ke, = 1.4(—11)

key = 1.4(—10)

kg3 = 2.4(—12) exp (—1710/T)
keq = 3.0(—11) exp (—1550/T)
kes = 1.0(—11)

kes = 4.5(—14)

ke7 = 3.5(—12) exp (140/T)
kgg = 4.2(—12) exp (180/T)
keo = 7.7(— 14) exp (1300/T)
ki = 1.0(—11)

J;, <260 nm

J75 <240 nm
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TABLE 1. (continued)

Reaction

Number Reaction Rate Coefficient
(R73) HCl + hv—»Cl+ H J 73 < 220 nm
(R74) HOCI + hv— Cl + OH J,4 <420 nm
(R75) CIO+mh—-Cl+0 J;5 <310 nm
(R76) CIONO, + hv— Cl + NO, J 16 < 450 nm
(R77) Cl+ 0;—ClO + O, kq, = 2.8(—11) exp (—257/T)
(R78) ClO+0-Cl+0, kyg = 7.7(—11) exp (—130/T)
(R79) HCl+ OH—Cl + H,0 k.o = 2.8(—12) exp (—425/T)
(R80) Cl + CH,— OH + HCl + CH,0" kgo = 9.6(—12) exp (—1350/7)
(R81) Cl + H,0,— HCl + HO, kg, = 1.1(—11) exp (—980/T)
(R82) Cl+ HO,— HCl + O, kg, = 1.8(—11) exp (170/T)
(R83) Cl + HO,— OH + CIO kg3 = 4.1(—11) exp (—450/T)
(R84) ClO + HO,— HOCl + O, kgs = 4.6(—13) exp (710/T)
(R85) HOC] + OH— H,0 + CIO kgs = 3.0(—12) exp (—150/T)
(R86) CIONO, + OH— HOCI + NO, kgs = 1.2(—12) exp (—333/T)
(R87) CIONO, + O— CIO + NO, kg7 = 3.0(—12) exp (—808/T)
(R88) ClO + NO—Cl + NO, kgg = 6.2(—12) exp (294/T)
(R89) CFCl, + O(*D)— 2Cl + CIO + fragment® kgo = 2.3(—10)
(R90) CF,Cl, + O('D)— Cl + CIO + fragment® koo = 1.4(—10)
(R91) ClO + NO, + M— CIONO, + M kg, see JPL 83-62

Rates correspond to those recommended by DeMore et al. [1983] herein designated as JPL 83-62.
Two-body reaction rates have units in cm® s ™1, three-body values are in cm® s~ !, and dissociation rates

have units in s 1.

“Spin conservation is not violated. O,(*A)is assumed to quench to O,rapidly.

Products in these reactions (R15), (R16), (R62), (R63), (R64), (R68), (R71), (R72), (R80), (R89), and (R90)
are best guesses which help to speed up the steady state convergence of our two-dimensional model. In
particular, for reactions (R62), (R63), (R68), and (R80), we have omitted the short-lived intermediary
species CH; and CH,O and replace with species most likely to be end products. Thus the right-hand
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side of the reaction may not necessarily balance the left-hand side.

‘Read 8.0(—12) as 8.0 x 107*2,

SAMS data are the most complete set of minor constituent
measurements in the stratosphere to date; therefore, with
these data we obtain a more complete picture of the agree-
ments and disagreements of the ozone balance of the strato-
sphere. This calculation aids in analyzing our conceptual pic-
ture of the photochemistry of the stratosphere.
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Fig. 1. Observed and calculated vertical mixing ratio profiles for

ClO. Observed profiles from Menzies [1979], Anderson et al. [1980],
Weinstock et al. [1981], and Brune et al. [1985]. Model range for
35°N with total Cl_set at 3 ppbv in the middle to upper stratosphere.

ProDUCTION AND LOss TERMS FOR OZONE

We calculate the production and loss terms in a manner
similar to that used by Johnston and Podolske [1978]. Since
we are mainly concerned with the stratosphere, a number of
the terms involved in the production and loss of ozone can be
neglected in the present analysis.

The production of ozone, P, in the stratosphere is given by

P =12J,[0,] )
V7T
| DIURNAL AVERAGE O, {ppmv) ]
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Fig. 2. Monthly zonally average LIMS ozone (in ppmv) for
March used in the total ozone loss computation. The values were
computed from LIMS data using a diurnal average approximation.
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Fig. 3. Monthly zonally average atomic oxygen (in cm™3) for
March used in the total ozone loss computation.

The photodissociation rate for molecular oxygen is repre--

sented by J, (see (R1) in Table 1). Actually, when we compute
either the production or the loss of ozone we really are com-
puting the production or the loss of odd oxygen, which is the
sum of O,, O(3P), and O('D). In the stratosphere, odd oxygen
is primarily in the form of O,. The P results in the production
of two oxygen atoms which very quickly combine with a mol-
ecule of oxygen and a third body to form ozone (see (R20) in
Table 1).
The loss of ozone, L, in the stratosphere is given by

L = L(O,) + L(NO,) + L(HO,) + L(Cl,) )

We take L(O,), L(NO,), and L(HO,) directly from equation
(88) of Johnston and Podolske [1978]. The L(O,) is repre-

0.1 L L L
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Fig. 4. Monthly zonally average LIMS nitrogen dioxide (in ppbv)

for March used in the total ozone loss computation. The values were
computed from LIMS data using a diurnal average approximation.
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Fig. 5. Monthly zonally average HO, (in cm~3) for March used in
the total ozone loss computation.

sentative of the so-called “Chapman mechanism” and is given
by

L(0,) = 2k,,[O][0;] €]

The L(NO,) is representative of the ozone loss due to NO,
species. It is written as
L(NO,) = 2k,5s[NO,][O] + 2J6[NO,] @

The L(HO,) is the most complex to represent. Many repre-
sentations have been used but we have chosen that of John-
ston and Podolske, given by

L(HO,) = 2(k3s[HO,1[O] + k33[HO,1{O;]
+ k3o[HI[O53] + k4,[OHI[HO,] + k4s[HO,I[HO,]) (5)

0.1 ———————————— .
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PRESSURE (mb)
o/o ¢
-l &

s MARCH
10(X)E N | N R B ST S B
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Fig. 6. Monthly zonally average ClO (in ppbv) for March used in
the total ozone loss computation.
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Fig. 7. (a) Total ozone production P in ppmv/d for March. (b) Total

ozone loss L in ppmv/d for March.

Finally, the L(Cl,) term is represented as
L(Cl) = 2k,5[C1O][O] ©)

A test of these approximations indicates that the neglected
terms are never much more that 1% of those included at 2
mbar and 5°N latitude.

We use the LIMS data (described by Remsberg et al. [1984],
Russell et al. [1984a, b], and Gille et al. [1984a, b]) and SAMS
data in a monthly and zonally averaged form. The LIMS data
consist of four species (05, H,O, HNO,, and NO,) and tem-
perature. Seven months of LIMS data are available, Novem-
ber 1978 through May 1979. We correct the HNO,; LIMS
data above 5 mbar by using the expression given by Jackman
et al. [1985]. We also use the SAMS CH, data above 20 mbar
which are available for all 12 months of the year. The data are
placed into bins of the same size as the two-dimensional
model described by Guthrie et al. [1984a]. We use the frame-
work of this two-dimensional model for all calculations, and
in most calculations the transport is set to zero. We have
included the effects of scattering in all calculations utilizing the
two-stream radiative transfer method discussed by Herman
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[1§79] which is based on the matrix operator method of Plass
et al. [1973].

We use a diurnal average method from Turco and Whitten
[1978] in which the daytime and nighttime averages of species
concentrations are found, and the length of day versus night is
considered as a function of latitude and season. As discussed
by Turco and Whitten, the use of this method of diurnal
averaging will cause less than 10% error for OH, HO,, and
O; and less than 15% error for NO, up to 47 km (about 1
mbar). We show in the uncertainty calculation section of this
paper that other uncertainties inherent in the calculation are
much larger than these.

Since the night to day ratios, which we obtain from the
model of Herman and McQuillan [1985] (first described by
Herman [1979]), are nearly invariant parameters and the prin-
cipal variation of the diurnal factors with latitude is the length
of day, our results should be quantitatively correct for the low
to mid latitude regions and at least qualitatively correct for
high latitudes. For the purpose of the present study none of
the conclusions will be affected by this approximation.

Under the assumption of photochemical steady state, 15
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Fig. 8. Fraction of loss in the NO, family through (a) NO, photoly-
sis and (b) reaction of NO, with O.
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species are derived from the LIMS and SAMS data and reac-
tions (R1)«(R70) given in Table 1. These are O(3P), O('D), N,
NO, H, OH, HO,, H,0,, NO;, N,0,, HO,NO,, CHO,
CH,0, CH;0,, and CH;OOH. Concentrations of CH, below
20 mbar (which merge fairly smoothly with SAMS data) and
CO and H, over the entire two-dimensional grid were those
obtained by Guthrie et al. [1984b] with their two-dimensional
model and are believed to be representative of actual strato-
spheric distributions. The other species needed in order to
compute the P and L is ClO, which is calculated using the
two-dimensional model with reactions (R1}{R91). This is the
only calculation in which the transport is necessary, since the
atmosphere provides the transport in the other calculations
because of the use of satellite measured species. We use the
finding by Berg et al. [1980] that Cl, is 3 ppbv near the
stratopause and apply this as a constraint in our model. (At
the level of analysis being considered, the shape of the Cl,
profile is more or less independent of which source gas is
assumed and also is not very dependent on the details of the
transport.) We thus put Cl, into the model via the source
gases CFCl, (F-11) and CF,Cl, (F-12), where the F-11 and
F-12 from year 1980 of the run described by Guthrie et al.
[19844a] were multiplied by a factor of 4 to obtain 3 ppbv Cl,.
We specify CH, to the SAMS data and O,, H,0, HNO,, and
NO, to the LIMS data in order to get the best representation
of the chemistry internal to the Cl, system.

A daytime ClO profile was derived from our model calcula-
tion at 35°N and is compared with Menzies [1979], Anderson
et al. [1980], Weinstock et al. [1981] and Brune et al. [1985]
in Figure 1. Our calculations fall near the higher measure-
ments of Anderson et al. (19801, Weinstock et al. [1981], and
Brune et al. [1985] if the July 28, 1976, and the July 14, 1977,
measurements are excluded. Our daytime ClO is approxi-
mately twice as large as our diurnal (24 hour) average ClO at
25 km and approximately 30% higher at 40 km.

Parrish et al. [1981] and Solomon et al. [1984] present
column density measurements of ClO. Our daytime CIO
column density calculations (1.3 x 10'* cm~2 and 1.4 x 103
cm~2 above 30 km and above 40 km, respectively, at 20°N
latitude in October; and 1.3 x 10'* cm~2? and 1.7 x 103
c¢m~? above 30 km and above 40 km, respectively, at 20°N
latitude in December) are higher than the midday peak ClO
column density measurements above 30 km of Solomon et al.
[1984] (7 x 10** cm~2 and 1.3 x 10'3 ¢cm™~? above 30 km and
above 40 km, respectively, at 20°N latitude in October; and
7-8 x 10’3 em~2 and 2.0 x 10'* cm~2 above 30 km and
above 40 km, respectively, at 20°N latitude in December). This
finding is consistent with other model results given in Solomon
et al. [1984]. In a related model study Ko and Sze [1984]
showed that the agreement between the Solomon et al. [1984]
observed intensities of the ClIO emission and their one-
dimensional model predicted intensities is good, particularly
in terms of the night to day ratios. This indicates that use of a
diurnal average model is sufficient to study ClO behavior as a
function of latitude.

A column HCI can also be computed. We find that our
values are 20-40% higher than the recent measurements of
Mankin and Coffey [1983] but are close to or lower than the
measurements of Girard et al. [1982].

Results given above suggest that a total Cl, of 3 ppbv in the
stratosphere may be slightly high. Unfortunately, the various
measurements of ClO, HCI, and total Cl, are not all consis-
tent with one another. We complete most of our production
and loss computations with a total Cl_ of 3 ppbv but also
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Fig. 10. Fraction of total loss due to the (@) O, family, (b)) NO, family, (¢) HO, family, and (d) Cl, family.

indicate the implications of using a total Cl, of 2 ppbv in these
calculations.

COMPARISON OF THE PRODUCTION AND
Loss TERMS FOR OZONE

Using expressions (1)}-(6) with the CIO computed as de-
scribed in the last section, O, H,O, HNO,, and NO, from
LIMS data, CH, from SAMS data, CO and H, from previous
model results, and other species calculated through the use of
these assumed species, we can compute the instantaneous pro-
duction and loss terms for ozone. In this calculation the two-
dimensional model chemistry is used in the diurnal average
mode with the atmosphere providing the transport through
the use of its measured constituents. The species densities or
mixing ratios are given in Figures 2-6 for O,, O, NO,, HO,,
and ClO for the month of March. The O, has a peak in
mixing ratio near 10 mb at the equator. The O is related to O,
very closely, and in the lower stratosphere the shape of the O
and O, contours are very similar. NO, has a peak in mixing
ratio near 4 mbar and does not have a strong latitudinal

gradient. The HO, has a fairly uniform distribution over the
middle of the stratosphere near low latitudes but has a sharp
gradient at the mid- to high latitudes. The ClO mixing ratio
two-dimensional grid is shaped differently from all the others
because it reaches its maximum values in the upper strato-
sphere at the high latitudes, a pattern also computed by Solo-
mon and Garcia [1984].

The production and loss of ozone in ppmv/d is given in
Figures 7a and 7b, respectively. The production and loss of
ozone increase from the bottom to the top of the stratosphere.

How do the individual terms in each loss expression com-
pare with one another? The L(NO,) and L(HO,) expressions
are composed of two or more terms. The L(NO,) terms are
compared in Figures 8a and 8b for the month of March; and
the 2 J [NO;] term dominates in the lower stratosphere and
upper troposphere, while the 2 k,; [NO,] [O] term domi-
nates throughout the rest of the stratosphere.

The three largest L(HO,) terms, representing more than
95% of L(HO,), are compared in Figures 9a, 9b, and 9c, again
for the month of March. The 2 k3, [HO,] [O,] term domi-
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Fig. 11. Replacement time of ozone in days for March.

nates in the lower stratosphere and the 2 k35 [HO,] [O] term
dominates in the upper stratosphere. The 2 k4o [H] [O,] term
never dominates but does become larger in the upper strato-
sphere.

How do the total loss terms from each family compare with
each other? In Figures 10a-10d we compare the fraction of
loss due to the O,, NO,, HO,, and Cl, families. The O, family
loss reaches its maximum contribution of slightly greater than
20% in the upper stratosphere. The NO, family loss is domi-
nant throughout much of the stratosphere and starts to taper
off in value only in the highest and the lowest parts of the
stratosphere. In the upper and lower stratosphere the HO,
family loss is important. The Cl_ family loss is important
above 10 mbar and for a given pressure level is more impor-
tant at the higher latitudes.

We compute a replacement time with the method given by
Solomon et al. [1980] and represent it as

T =[0,)/P ™

The results of this calculation for March are given in Figure
11. The replacement time varies from less than a day at the
top of the stratosphere to several years near the bottom. Re-
gions where T values are less than a week are considered to
have “photocliemical” control. Recently, Rood and Douglass
[1985] and Douglass et al. [1985] have shown that one must
be careful in assigning the term “photochemical” to regions of
the atmosphere at and above 40° latitude, where T values are
less than a week. They showed that for ozone the dynamical
terms are the same size or larger than the chemical terms at
and above 40° latitude during certain times of the year. For
this reason our conclusions focus on the photochemical region
located in the low latitudes (below 30° latitude).

From Figure 11 it is apparent that the region near 2 mbar
at the low latitudes is photochemically controlled. Ozone is
thought to be in photochemical equilibrium in this region,
meaning that P should equal L. We compute L/P for all 7
months of LIMS data; four representative months are present-
ed in Figure 12. Values of about 1.4-1.6 are found for L/P in
the photochemical region. These values imply that photo-
chemical models using LIMS H,0, HNO,, NO,, and temper-
ature and SAMS CH, will compute lower ozone con-
centrations than those observed in LIMS data. The results are

JACKMAN ET AL.: OZONE BALANCE FroM LIMS anp SAMS Data

very similar to those given by Waofsy [1978], Frederick et al.
[1978, 1984], Butler [1978], Johnston and Podolske [1978],
Solomon et al. [1983], and Crutzen and Schmailzl [1983].

All four family loss processes are important near 2 mbar at
the low latitudes (observe in Figure 10). L(NO,) contributes
about 20%, L(O,) and L(HO,) each contribute about 25%,
and L(Cl,) contributes about 30% of the total loss. As we
noted earlier in our discussion of the ClO two-dimensional
distributions (used in computing L(Cl,)), the total Ci  of 3
ppbv may be slightly high for the stratosphere. If the total Cl,
is reduced to 2 ppbv in the stratosphere, then IL(O,) and
L(HO,) each contribute about 28% and L(NO,) and L(Cl,)
each contribute about 22% of the total loss near 2 mbar at the
low latitudes. With this new L(CL.), values of 1.26-1.44 are
computed for L/P in the photochemical region. An imbalance
between L and P still exists, but it is not as pronounced as
before.

We now examine the L/P behavior in other regions of the
stratosphere, concentrating first on the L/P values for March.
The L and the P have differently shaped contours in the lower
stratosphere and higher latitudes (see Figures 7a and 7b). The
P depends on the shorter wavelengths (<242 nm) because of
its dependence on the photodissociation of molecular oxygen.
The L depends on longer wavelengths (< 1140 nm) because of
its dependence on the photodissociation of ozone. Note the
large dependence of L on atomic oxygen, O. Photons with
wavelengths below 242 nm are absorbed quite efficiently at the
very large column densities of O, and O,, for high latitudes
and low altitudes; thus not much ozone production is permit-
ted. Most of the photons between 300 and 1140 nm are rot
affected by O, and O,. These photons lead to the production
of O which is the critical ingredient in ozone loss. The sun
must be shining for substantial ozone loss to take place, as O
goes away quite rapidly with sunset. Thus when the sun first
rises and just before it sets, L will be much greater than P.

The steep, generally slanted, contour cliff (observed in
Figure 12) in the low to middle stratosphere and above 30°
latitude is the result of the P being reduced. Larger optical
depths, resulting from the O, and O, column, cause signifi-
cantly greater absorption of photons with wavelengths less
than 242 nm. The production dominates the loss below about
10 mbar between —30° and +30° latitude in March. The
production and loss rates, however, are both virtually insig-
nificant in this region.

The shape of the contour line 1.0 (production = loss) in the
4 months plotted in Figure 12 indicates apparent solar zenith
angle control. In November it is asymmetrically aligned bulg-
ing toward the southern hemisphere; in January it is fairly
symmetric but centered about 15°S rather than the equator; in
March it is centered over the equator and appears to be bulg-
ing slightly toward the northern hemisphere; and in May it is
asymmetric bulging toward the northern hemisphere.

UNCERTAINTY CALCULATION

In order to assess the significance of the result that O,
production exceeds O; loss by 40-60% in the photochemical
region, we perform an uncertainty analysis. This analysis uses
a modified (to include Cl-containing species) version of the
method used by Kaye and Jackman [this issue] (hereafter re-
ferred to as KJ) to infer daytime concentrations of HO, and
NO, species from LIMS data. As discussed in some detail by
KIJ, this method yields multiplicative values for the uncer-
tainties u; in the inferred concentrations of trace species i, that
is, a species found to have concentration [M,] with uncer-
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tainty u; is expected to lie in the range from [M]/u; to
w[M].
Uncertainties are calculated by the expression given by KJ:

u; = exp [}, (S;; In £’} ®)

where S;; is the sensitivity coefficient (logarithmic derivative)

P,OIM,]

§;=08In[M]/0In P;= [M 0P
il0F;

9
where P; is a model input parameter (photolysis rate, reaction
rate, concentration) and f] is the uncertainty in parameter j.
The values and significance are discussed by KJ. We note that
reaction rate uncertainties are 1o [DeMore et al., 1983]. Sensi-
tivity coefficients are obtained by analytic differentiation of
the algebraic expressions of KJ. The expressions used for infer-
ring trace species concentrations in the enlarged (Cl-
containing) version of the model are only slightly different

from those of KJ. We list those expressions for Cl-containing
species in the appendix.

The uncertainty analysis was performed for the month of
March. Results for the uncertainty factor of the L/P ratio as a
function of latitude and altitude due to species concentrations,
binary and tertiary reaction rates, and photodissociation rates
are given in Figures 13a—13c. The total uncertainty factor of
the L/P ratio is shown in Figure 13d.

Throughout most of the upper stratosphere, this uncertainty
factor is close to 1.7. This indicates that the imbalance may
well be due to inaccuracies in the included chemistry and
species concentrations rather than omitted chemistry.

Uncertainty factor values are near two in the lower strato-
sphere, where the L/P ratios go to as low as 0.2. Thus, in this
region, where O, is not expected to be in photochemical equi-
librium, input parameter uncertainty cannot be responsible for
the imbalance; it must be real.

In Table 2 we consider which of the model input parameters



1112

01 M v T T T T T T T T T T T T T
| (A)
! UNCERTAINTY IN L/P DUE ]
E TO SPECIES ]
13 3
o) /f
£ —— 13 ]
Ll - 3
% 10F 3
7]
8 [ — —_
100F 3
MARCH |
T S T T T T B
-9%0S -60 -30 0 30 60 90N
LATITUDE (deg)
0.1 — T T T T T T 1

L {C)
UNCERTAINTY IN L/P DUE TO

PHOTODISSOCIATION RATES 3
1E 3

\1._44__———\_/-:

PRESSURE (mb)
=

o —a— N\ ;

100 F

MARCH
1000 o 0 oy ]
-90S -60 -30 0 30 60 90N

LATITUDE (deg)

JACKMAN ET AL.: OZONE BALANCE FrROM LIMS AND SAMS DaTa

L o e e e S L
| (B) -
UNCERTAINTY IN L/P DUE TO ]
BINARY AND TERTIARY RATES

< D/ %
\ -
1.25 ]
\_/1'3 -
14 ]
15 3

T

PRESSURE (mb})
3
T

100
MARCH
10()0E PR IR N TR T ST U DR G-
-80S -60 -30 0 30 60 90N
LATITUDE (deg)
0 ———T—— — T T T
L (D)
[ TOTAL UNCERTAINTY IN L/P
3 3

L .1
: \__D 1.3:
——~———17 ]

1.8 ll
[ V1 -9\__—_—/ )
B e 2. T ———— ]

—————

PRESSURE (mb)
S
=
1

22— 3
100 F 24 /2.4\ 4
_ MARCH
1000 3 PEEEPEEE R RN E RS I RS N T S E
-90S -60 -30 1] 30 60 90N

LATITUDE {deg)

Fig. 13. Uncertainties in the L/P computation due to (a) species, (b) binary and tertiary reaction rates, (¢) photo-
dissociation rates, and (d) total of species, binary and tertiary reaction rates, and photodissociation rates.

make the largest contributions to the total uncertainty in L/P
at 5°N near 2 mbar. The contribution for a given input pa-
rameter depends on both the sensitivity coefficient and the
input parameter uncertainty. The input parameters with the
largest sensitivity coeflicients are shown in Table 2, along with
the uncertainties and the product S;; In f; which contributes to
the sum in (8).

In lower latitudes near 2 mbar, the uncertainty in L/P is
dominated by three input parameters: the measured O, con-
centration, the rate of the photolysis of O; to O('D), and the
rate of photolysis of O,. These three alone would lead to an
uncertainty factor of 1.63, which is larger than or comparable
to the imbalance in the calculated P and L. Thus attempts to
refine measurements in order to reduce the estimated uncer-
tainty should focus on these terms.

Since photolysis processes (R1) and (R2) are quite important
in assessing the total uncertainty in our L/P values, it is neces-
sary to consider the uncertainty that may be added by solar
flux uncertainties which are not included in our uncertainty
analysis. Error bars are estimated to be +20% near 175 nm,

+15% by 200 nm, and +10% by 300 nm [see World
Meteorological Organization, 1982, Appendix B). Since the
solar flux uncertainties are a function of wavelength it would
be difficult to include their error bars in our uncertainty
analysis. These error bars are substantially less than the
quoted uncertainties of a factor of 1.4 in the photodissociation
cross sections for (R1) and (R2) (se¢ Table 2) and would not
contribute greatly to the uncertainty factor in the L/P ratio
anyway. Thus, for the purposes of this uncertainty calculation,
the solar flux uncertainties can be neglected.

The large contribution of O,, (R1), and (R2) to the total
uncertainty is due to the large sensitivity coefficients and large
input parameter uncertainty factors, especially for the pho-
tolysis processes (R1) and (R2). The uncertainty factor of 1.4
for both of these processes is among the larger uncertainty
values. These three input parameters and the rate of the O,
formation reaction (R20) are the only ones with appreciable
(>10.3]) sensitivity coefficients.

The large sensitivity coefficients for these four input param-
eters may be simply understood by considering the aspects of
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TABLE 2. Input Parameters Making Largest Contribution to
Total Uncertainty in L/P (5°N, 2 mbar)

Input Parameter Sip, f SypInf;
J,(0,—20) —0.991 1.4 —0.336
J(03—O(*D) + 0,) 0.800 1.4 0.269
0, 1.543 1.16 0.228
k4(OH + HO,—»H,0 + 0,) —0.207 1.92 —0.135
k3oO+0,+M—0,;+M) —0.801 1.14 —0.106
ki6(0 + HO,— OH + O,) 0.250 1.51 0.103
k(O + O;,—20,) 0.262 1.26 0.061
H,0 0.224 1.24 0.048
k,o(OH + HC1—- H,0 + C)) 0.186 1.25 0.041
Cl, 0.214 1.20 0.039
k,5(O(*D) + H,0— 20H) 0.177 1.25 0.039
k;+Cl + O;—ClO + O,) 0.199 1.19 0.035
NO, 0.177 1.20 0.032
ky5(O + NO,—+NO + 0,) 0.188 1.16 0.028
J4(0;—- 0+ 0y 0.187 1.15 0.026

the chemistry responsible for O loss and production and by
recognizing that the sensitivity coefficient corresponds to the
power law dependence of the output parameter [M,] on the
input parameter P,

[M]oc PSS (10)

Thus a sensitivity coefficient of one implies linear dependence,
one of two implies quadratic dependence, etc.

The sensitivity coefficient of —0.99 for J, occurs because
odd oxygen production is proportional to J, if one neglects
radiative feedback effects, while odd oxygen loss is nearly in-
dependent of it. Since the ratio L/P is inversely proportional
to P, it will also be essentially inversely proportional to J,.

The approximate 3/2 power dependence of L/P on O, is
due to a dependence of the loss rate L on O;; neglecting
radiative feedback effects P is independent of O;. If odd
oxygen loss were due entirely to O, (by (R19)), the dependence
of L on O, would be nearly quadratic, since the concentration
of atomic oxygen is nearly proportional to that of O,. If odd
oxygen loss were only due to the NO, term, its dependence on
O, would be linear, as the concentration of NO, is fixed by
LIMS and O is proportional to O,. If odd oxygen loss were
due entirely to the HO, terms, there would be approximately
a 3/2 power dependence on O,. This comes from the fact that
HO, loss in the upper stratosphere is dominated by (R36)
(O + HO,— OH + 0,), and HO, scales approximately as
the square root of O, there (KJ). If Cl, loss dominated odd
oxygen loss, it would vary with O, as approximately the 1.6
power, as ClO is proportional to O, to the 0.6 power. Thus
odd oxygen loss is due to a combination of four terms, each
varying with O, with a power law dependence between linear
and quadratic, so the overall dependence must also be be-
tween linear and quadratic.

The approximate linear dependence of L/P on the rate of
O, photolysis (R2) and the nearly inverse dependence on
(R20) are again due to the loss term only, as P is independent
of these rates (neglecting radiative feedback effects for the pho-
tolysis rates). Since essentially all odd oxygen loss processes in
the upper stratosphere involve atomic oxygen, the odd oxygen
loss rate will be proportional to the rate of processes produc-
ing (mainly (R2) at 2 mbar) and removing (mainly, (R20))
atomic oxygen. The deviation of the sensitivity coefficient of
L/P with respect to (R20) from —1 is due to the fact that
atomic oxygen plays an important role in partitioning of odd
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hydrogen and odd chlorine species among their respective
molecules.

DiscussioN

The L/P values show a systematic behavior at low latitudes
of increasing with altitude, although near 30°N at equinox
(March) there is a tendency for the L = P line to be nearly
vertical up to 10 mbar even in the dynamical region, which
implies that a photochemical calculation may give a correct
ozone even though the strict conditions for photochemical
equilibrium are not met. The systematic behavior of L/P in-
creasing with altitude suggests that a problem may exist in our
calculation of P, in spite of the fact that the L/P values are
within their uncertainty factors of being equal to 1.0 in the
upper stratosphere. This implies that perhaps we are un-
derestimating the photodissociation rate of molecular oxygen;
i.e., the photoabsorption cross section may be underestimated
for molecular oxygen in the Schumann-Runge or Herzberg
continuum. A similar conclusion was given by Solomon et al.
[1983] who compared mesospheric ozone from Solar Meso-
sphere Explorer (SME) measurements with model calcula-
tions. Another indication of a problem in the photochemistry
near the stratopause was given in the recent paper of Jackman
and McPeters [1985], who analyzed differences between theo-
retical model predictions and measurements of ozone deple-
tions resulting from solar proton events. Jackman and McPe-
ters noted that the ozone depletion observed by satellites was
substantially larger than that predicted between 1 and 0.3
mbar.

It is evident from the discussion of uncertainties in the pre-
vious section that by virtue of their large uncertainties the
photolysis processes (R1) and (R2) are the most likely ones to
contribute to the uncertainty in L/P. The fact that these pro-
cesses, along with (R20) and O,, are the only input parameters
for which the sensitivity coefficient of L/P is greater than 0.3
means that it is highly unlikely that uncertainties in any or all
of the other model input parameters could be responsible for
the deviation of L/P as far from unity as has been inferred.
Relative insensitivity of L/P to most of the other chemical
reaction rates, photolysis rates, and concentrations is quite
reasonable, given the roughly equal distribution of odd
oxygen loss among oxygen, nitrogen, hydrogen, and chlorine
terms (see Figure 10 at 2 mbar). Thus even relatively large
changes in quantities such as the reaction rates governing the
OH-HO, partitioning, which might have a major effect on the
hydrogen term, would have only a minor effect on the total
odd oxygen loss.

Implicit in our calculations and the study of uncertainties is
the assumption that our model accurately represents the
chemistry of odd oxygen in the stratosphere. Given the sys-
tematic excess of odd oxygen loss over production throughout
the upper stratosphere, one should critically assess the model
to be sure that no odd oxygen production has been neglected.

First, let us consider uncertainties in our only odd oxygen
production term, the molecular oxygen absorption cross sec-
tions. Most recent papers on molecular oxygen absorption
cross sections [see Frederick and Mentall, 1982; Herman and
Mentall, 1982; Anderson and Hall, 1983; Cheung et al., 1984;
Johnston et al., 1984] indicate that the lower cross-section
values, similar to those used in our calculations, are preferred.
One recent paper on molecular oxygen absorption cross sec-
tions [Pirre et al., 1984], however, indicates that much higher
cross sections are suggested. A review of the O, cross sections



1114

0.1 L L L

NOONTIME L/P ]

~———17
15

PRESSURE (mb)
3

8

00, ¢ . o o0 3
-30 0 30 60 90N

LATITUDE (deg)

Fig. 14. Ratio of total ozone loss L to total ozone production P for
March 1979 from an instantaneous noontime computation.

by a study group [Frederick et al., 1983] recommended the
_ lower cross section values; thus the O, cross sections used in
this study are probably reasonable.

Second, there may exist an additional odd oxygen source
which we have neglected. Several additional potential sources
have been discussed in the literature. Their contribution for all
altitudes, latitudes, and seasons has not been quantitatively
presented, however. While these are not expected to be quanti-
tatively significant, we mention them here for the sake of com-
pleteness and to help emphasize that in the presence of sys-
tematic disagreements between the calculated odd oxygen pro-
duction and loss rates (or alternatively, the observed and pre-
dicted ozone distributions), it is important to refine calcula-
tions of possible odd oxygen sources in the upper stratosphere.

An additional source suggested is enhanced oxygen pho-
tolysis due to the preferential photolysis of isotopically heavy
oxygen (3*O, = '*0O'80), originally discussed by Cicerone and
McCrumb [1980]. Their original calculations suggested possi-
ble enhancement of oxygen at 65 km by 20-30% from this
mechanism, indicating its possible importance in the meso-
sphere and upper stratosphere. More recent calculations
[Blake et al., 1984] indicate a maximum contribution of some
3% at 70 km, with a 1% contribution at 50 km. While this
contribution represents a marked enhancement over the 0.4%
contribution to O, photolysis expected on the basis of the
fractional abundance of 34O, relative to the predominant
320, it is not nearly enough to account for the systematic
underestimate of odd oxygen production presented here.

Another source of odd oxygen has been proposed by Fre-
derick and Cicerone [1985] which involves the photolysis of
O,(a'A,). The magnitude of this source is still not known.
However, if we use 7.5 x 10~2° ¢cm? for the peak value of the
cross section, then L = P near 1.5 mbar and low latitudes.
This indicates that an improvement in the ozone balance in
the upper stratosphere is possible with this suggested odd
oxygen source.

It is possible that computing the L/P terms using the diur-
nal cycle rather than just a diurnal average would give a
slightly different result than that obtained here. We compute
the instantaneous L/P terms using the daytime set of LIMS
data for March 1979 in order to investigate this possibility,
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Fig. 15. Difference between L/P from an instantaneous diurnal
average computation and L/P from an instantaneous noontime calcu-
lation for March 1979.

and we present our results in Figure 14. Since the daytime set
of LIMS data were taken at a time close to local noon at most
latitudes, we compute the L/P fixing the time at local noon.
Differences between the diurnal average and the local noon-
time L/P distributions are apparent (compare Figures 12¢ and
14). A two-dimensional difference grid of L/P from the diurnal
average calculation and L/P from the noontime calculation is
given in Figure 15. Near 2 mbar at the low latitudes where
photochemical equilibrium should hold, both the L/P from
the diurnal average calculation and the L/P from the noon-
time calculation are nearly the same, with the L/P from the
noontime calculation being slightly larger. We thus conclude
that a calculation of the L/P terms using a full diurnal cycle
will result in similar conclusions arrived at using a diurnal
average approximation.

CONCLUSIONS

We have calculated the monthly and zonally averaged loss
and production rates for ozone using recent Nimbus 7 satellite
measurements of stratospheric constituents and accepted reac-
tion and photodissociation rates. We found that ozone has a
loss rate that is about 40-60% higher than the production in
the photochemical region. The uncertainties in our calculation
were a factor of 1.7. This indicated, therefore, that we could
not conclude that the photochemistry was incomplete. Inaccu-
racies in the assumed reaction and photodissociation rates
and stratospheric constituents could be sufficient to cause the
L/P discrepancy. The systematic behavior of the L/P two-
dimensional grid indicated, however, that there could be a
problem with the P calculation. The measurements of constit-
uents (especially, O,), reaction rates, and photodissociation
rates (especially J, and J,) should be made with greater accu-
racy in order to better determine areas of weakness in our
understanding of the photochemistry of the stratosphere.

Despite some problems with the magnitude of the deduced
P versus the deduced L in the photochemical region, an in-
teresting pattern occurs in the L/P contours. Three distinct
regions appear in the L/P contour diagrams: (1) the aforemen-
tioned photochemical region, (2) a region in the low-latitude
lower stratosphere where L/P is significantly less than one and
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time constants are long enough for dynamics to be important,
and (3) a region at high latitudes in the lower stratosphere
where L/P is significantly more than one because production
goes to zero much faster than loss. Since regions 2 and 3 have
significantly long chemical time constants, transport of ozone
is implied from 2 to 3, i.e., from low and mid-latitudes to high
latitudes. The sharp transition between these regions shows
clear evidence of solar control during the march of seasons
from November through May.

APPENDIX: ALGEBRAIC EXPRESSIONS USED IN SENSITIVITY
MODEL FOR INFERRING CONCENTRATIONS
OF CL-CONTAINING SPECIES

Concentrations of HC], Cl, ClO, HOCI, and CIONO, used
in the sensitivity analysis are inferred in an iteration loop
using the following expressions:

[HCI] = [CL] {1 +¢;[1 + ¢yl + ¢35 +cg)]}?
where
¢y = k4o[OH]/D¢, = [CI]/[HCI]
¢z = k77[031/Dcio = [CIO0Y/[CT]
¢3 = kg4[HO,]/Dyocq = [HOCI]/[CIO]
€4 = kg;[NO,][M]/Deiono, = [CIONO,]/[CIO]

and
Dy = kgo[CH,] + kg,[HO,]
Do = k75[O] + kgg[NO] + kg, [NO,][M]
Dyocy = J74 + kgs[OH]
Dciono, = J76 + kgs[O]
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